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Abstract
We present a femtosecond optical pump-probe study of the multiferroic manganite
Eu0.75Y0.25MnO3. The optical response of the material at pump energies of 1.55 and 3.1 eV is
dominated by the d-d and p-d transitions of the Mn3+ ions. The relaxation of photoexcited elec-
trons includes the relaxation of the Jahn-Teller distortion and polaron trapping at Mn2+ and Mn4+
sites. Ultrafast switching of superexchange interactions due to modulated eg orbital occupancy cre-
ates a localized spin excitation, which then decays on a time scale of tens of picoseconds at low
temperatures. The localized spin state decay appears as a tremendous increase in the amplitude
of the photoinduced reflectance, due to the strong coupling of optical transitions to the spin-spin
correlations in the crystalline a-b plane.
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I. INTRODUCTION
Strongly correlated electrons pose many important and difficult questions in modern
condensed matter physics. Correlated electron materials exhibit a wide range of physical
properties resulting from the delicate balance between competing interactions that often
involve several degrees of freedom, such as charge, spin, lattice, and orbital1. In recent
years, optical pump-probe spectroscopy has emerged as a promising spectroscopic tool for
interrogating competing many-body interactions in the time domain2,3. This method relies
on a femtosecond optical excitation pulse (the pump) that leaves the material in a nonequi-
librium state; the subsequent electronic relaxation dynamics is recorded by another ’probe’
pulse as the pump-induced change in the material’s optical properties, e.g., the change ∆R
in its reflectance3. The electronic relaxation dynamics are governed by the many-body in-
teractions that often act on different time scales3–6, which allows us to isolate competing
interactions.
In this article, we focus on the Mott insulator Eu0.75Y0.25MnO3. This compound is a
relative of the prototypical Mott insulator LaMnO3, the parent compound of the colossal
magnetoresistance manganites7. In the insulating manganites with a perovskite structure,
the magnetic Mn3+ ions occupy the centers of the oxygen octahedra that form a corner-
sharing network. The compounds of this family exhibit a GdFeO3-type distortion, in which
the oxygen octahedra rotate about the pseudocubic [111] direction. The neighboring octa-
hedra rotate in the opposite direction. The Mn3+ ions are found in the t32ge
1
g configuration,
which makes their 3d orbital Jahn-Teller active7 and leads to orbital ordering and the co-
operative Jahn-Teller distortion that sets in above 1000 K8. The smaller size of the Eu and
Y ions relative to the La ion leads to a much stronger tilting of the oxygen octahedra and
a much smaller Mn-O-Mn bond angle8,9, which results in the increased importance of the
magnetic next-nearest-neighbor (NNN) superexchange interaction. The magnetic structure
of Eu0.75Y0.25MnO3 is governed by the competition between the antiferromagnetic (AFM)
NNN superexchange and the ferromagnetic nearest-neighbor (NN) superexchange within the
ab plane. The exchange interaction along the c axis is AFM. The frustrated nature of the
magnetic exchange within the ab plane leads to a low AFM transition temperature TN = 47
K and the long-wavelength modulation of the magnetic structure in the ab plane8,9. A re-
markable property of Eu0.75Y0.25MnO3 is the development of ferroelectricity
8 at TFE = 30
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K with ferroelectric polarization P in the ac plane and Pa >> Pc. This is believed to
be driven by the formation of a magnetic cycloid8,10, similar to the observations in mul-
tiferroic TbMnO3
11,12. A new kind of magnetoelectric low-energy excitation was found in
Eu0.75Y0.25MnO3, the electromagnon, which is described as a mixed magnon excitation that
couples to the electric field of the light wave13–16.
The present work is motivated by uncovering the interactions that govern the relaxation
of photoexcited electrons in the magnetic and ferroelectric states of Eu0.75Y0.25MnO3, es-
pecially the effects of magnetoelectricity. Over the past 15-20 years, time-resolved studies
of magnetically ordered solids17–20 have grown steadily and matured into the field of fem-
tomagnetism, which explores the fundamental aspects of the interactions between magnetic
matter and light and the possibility of ultrafast control of the magnetic state. On the other
hand, optical time-resolved studies of multiferroics have been relatively rare in the past
decade16,21–28. We present an optical pump-probe study of the multiferroic Eu0.75Y0.25MnO3
using femtosecond pump and probe pulses of 1.55 and 3.1 eV photon energies, in which
we recorded the temporal evolution of the normalized pump-induced change in reflectance
∆R/R. We find a qualitatively similar response to photoexcitation with either wavelength.
At all temperatures, the ∆R/R decays on a long timescale of several nanoseconds, which
we attribute to the recombination of photoinduced electrons and holes.
The most remarkable feature of the pump-probe response is the development of a slow
large-amplitude rise in the ∆R/R signal at low temperatures, with a maximum rise time of
∼ 55 ps (Fig. 1). The feature starts to develop at temperatures above TN and reaches its
full strength at the lowest temperatures. We attribute this feature to the relaxation of the
localized magnetic excitation that is created when a Mn3+ ion is optically excited to Mn2+
with an extra electron in the eg orbital. This idea is analogous to lattice polaron formation
at the Mn2+ site, which happens as the doubly occupied eg orbital loses its Jahn-Teller
activity. This makes the Jahn-Teller distortion on the newly born Mn2+ ion energetically
unfavorable; the relaxation of the Jahn-Teller lattice distortion happens within ∼ 1−5 ps due
to the strong electron-phonon coupling4. This polaronic character of optical excitations in
Jahn-Teller manganites is well established29,30. The formation of the polaron can be viewed
as the relaxation of the localized lattice excitation at the Mn2+ site. In a similar fashion,
the Mn2+ site is born with a localized magnetic excitation, because the magnetic exchange
interactions between Mn3+-Mn2+ and Mn3+-Mn3+ are not the same7. The relaxation of this
3
(a)
(b)
FIG. 1: (Color online) (a) Pump-probe reflectance spectra of the Eu0.75Y0.25MnO3 crystal at
various temperatures with 1.55 eV photon energy. (b) Same spectra as in (a), but zoomed in on
the first 50 ps of photoinduced response.
localized magnetic excitation happens via the emission of spin waves and takes much longer
than the Jahn-Teller polaron relaxation.
The long rise dynamics of the photoinduced response is a feature of the magnetically
ordered state, but it emerges at ∼ 100 K, which is much higher than TN . We explain
this by noting that the short-range spin correlations in magnetically frustrated systems
persist to much higher temperatures compared to the long-range ordering temperature. In
Eu0.75Y0.25MnO3, the signatures of short-range spin correlations have been reported up to
∼ 100 K in the behavior of electromagnon and vibrational lattice excitations13,31. We find
no significant changes in the pump-probe response at the temperature of the ferroelectric
phase transition, TFE = 30 K, and interpret this as the negligible effect of magnetoelectric
coupling in our measurement. Our main finding is the magnetic relaxation triggered by
the ultrafast switching of superexchange on the photoinjected Mn2+ sites. This process is
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generic, but very few works are found in the literature that report similar phenomena20,26,32.
The corresponding magnitude of ∆R/R and the relaxation time depend strongly on the
magnetic state of the material. At the lowest temperatures, this spin-dependent process
dominates the photoinduced response. The observed ultrafast modulation of the exchange
interactions must be considered as a crucial ingredient in ultrafast control of magnetism and
in the studies of photoinduced phase transitions.
II. EXPERIMENTAL DETAILS
Our optical pump-probe study of Eu0.75Y0.25MnO3 was carried out on a single crystal
grown using the flux method. We used the [001] oriented mechanically polished surface of the
specimen, the a-b plane. The pump-probe measurement employs pairs of laser pulses of 70
fs duration generated by a Ti:Sapphire regenerative amplifier (Coherent RegA) operating at
a 250 kHz repetition rate. The first pulse, the pump, puts the material in a nonequilibrium
excited state. The second pulse, the probe, interrogates the photoinduced change in the
material’s reflectance. In all our measurements, the probe beam power was at least ten
times lower than the power of the pump beam. We used lock-in detection to measure the
pump-induced change in the reflected probe power and recorded the temporal evolution of
the relative change in reflectance ∆R/R. In all measurements, the wavelength of the pump
and the probe pulses was the same, corresponding to either 1.55 eV or 3.1 eV photon energy.
The sample was mounted on the cold finger of a helium flow cryostat, which allowed control
of the sample temperature in the 5 - 300 K range.
Figure 1 shows ∆R/R at 1.55 eV taken with a pump fluence of 50 µJ/cm2. This fluence
was chosen to be sufficiently low to keep the magnitude of ∆R/R proportional to the pump
power and to be sufficiently high to provide a satisfactory signal-to-noise ratio. Lowering
the pump fluence to 5 µJ/cm2 led to a proportional drop in the amplitude of ∆R/R but
did not change the observed time dynamics. At high temperatures, the reflectance increases
abruptly (in less than 0.5 ps) upon the arrival of the pump pulse. This jump in reflectance
lasts for several nanoseconds and is due to the presence of photoinduced electrons and holes
in the material. The positive reflectance jump becomes weaker with decreasing temperature,
and ∆R/R develops a negative component below ∼ 150 K. The time dependence of ∆R/R
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FIG. 2: (Color online) Open circles - photoinduced change in reflectance at T = 60 K at 1.55 eV.
Solid line - fit to the data using the double exponential function in Eq. (1). Arrows and labels
explain the meaning of the parameters in Eq. (1). The long-rise dynamics are parametrized by the
amplitude A1 and the rise time τ1.
at low temperatures is well described by a double exponential function of the form
∆R/R = A1 exp(−t/τ1) + A2 exp(−t/τ2), (1)
where the first exponential term describes the rise of the negative response in ∆R/R (Fig. 2).
The second term describes the decay of the photoinduced reflectance within a few nanosec-
onds. For simplicity, we did not include the convolution with the pump and probe auto-
correlation function in Eq. (1), as the dynamics of interest happens on a timescale much
longer than the pulse duration. From here on, we refer to the time constant τ1 as the rise
time of the photoinduced reflectance. The most striking feature of our pump-probe data is
the rapid increase in the magnitude of the negative ∆R/R component as the temperature is
lowered below 100 K. This increase can be quantified by extracting the amplitude A1 from
the least-square fits to the data using Eq. (1). Figure 3 shows the temperature dependence
of the parameters A1 and τ1, both of which start rising steeply somewhere between 100 and
150 K as the temperature is lowered. Figure 3 also shows A1 and τ1 extracted from the
3.1 eV pump-probe data of Fig. 4. The amplitude A1 at 3.1 eV is about ten times higher
than at 1.55 eV and is positive, but their temperature dependences are very similar. The
behavior of the rise time τ1 in the 1.55 eV and 3.1 eV measurements is qualitatively very
similar, although τ1 at 3.1 eV is longer at most temperatures.
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FIG. 3: (Color online) (a) Temperature dependence of the absolute value of the fitting parameter
A1. Solid symbols - the 1.55 eV measurement, left vertical axis. Open symbols - the 3.1 eV
measurement, right vertical axis. (b) Temperature dependence of the rise-time of ∆R/R (the
fitting parameter τ1). Solid symbols - the 1.55 eV measurement. Open symbols - the 3.1 eV
measurement.
III. DISCUSSION OF THE RESULTS
To understand the photoinduced response of Eu0.75Y0.25MnO3, we first need to consider its
equilibrium optical conductivity. The measured optical conductivity of the stoichiometric
rare-earth perovskite manganites33–35 displays two broad absorption peaks centered at ∼
2 eV and ∼ 5 eV. The lower-energy peak is dominated by intersite Mn d-d transitions
(transition I in Fig. 5), while the higher energy peak is dominated by on-site O 2p-Mn 3d
(p-d)charge-transfer transitions (transition II in Fig. 5). The optical gap possesses mixed d-d
and p-d character35. At the 1.55 eV pump excitation energy, the optical transitions mostly
have d-d character, while at the 3.1 eV energy they mostly have p-d character33–35. In both
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cases, an extra electron is promoted to the upper level of the Jahn-Teller split eg orbital,
forming the Mn2+ ion. The subsequent relaxation dynamics of this excited state is recorded
as the photoinduced reflectance ∆R/R.
(a)
(b)
FIG. 4: (Color online) (a) Pump-probe reflectance spectra of the Eu0.75Y0.25MnO3 crystal at
various temperatures and the 3.1eV pump and probe photon energy. (b) Same spectra as in (a),
but zoomed in on the first 40 ps of the photoinduced response.
The Mn2+ ion is not Jahn-Teller active, but it is born with the Jahn-Teller distortion
of its MnO6 octahedron, which amounts to the displacive excitation of the localized Jahn-
Teller phonon. This mixed electron-phonon excited state quickly relaxes via electron-phonon
and phonon-phonon couplings. We attribute the short relaxation (≤ 5 ps) clearly visible
at high temperatures in the time-resolved spectra of Figs. 1 and 4 to the relaxation of the
local Jahn-Teller distortion. This relaxation is present in the spectra at all temperatures,
but at low temperatures it is masked by the strong long-rise component of ∆R/R that we
described by the rise time τ1 in the previous section. At the end of the local Jahn-Teller
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relaxation, the extra eg electron finds itself trapped on the Mn
2+ site, as its hopping to
the neighboring sites now costs half the energy of the Mn3+ Jahn-Teller splitting. Both
theoretical and experimental evidence favors this self-trapped small polaron description of
photodoped electrons in manganites29,30,36–38.
FIG. 5: (Color online) Optical transitions induced by the 1.55 eV and 3.1 eV pump. Absorption
of a 1.55 eV photon corresponds to transition I, which creates a pair of Mn2+ and Mn4+ ions.
Absorption of a 3.1 eV photon corresponds to transition II, which creates a Mn2+ ion. Transition
III takes place after transition II and creates a Mn4+ ion.
We now turn to the strongly temperature-dependent rise dynamics observed in Figs. 1
and 4 and described by the first term in Eq. (1). This long-rise dynamics dominates the
photoinduced reflectance at low temperatures. The contribution of this process to ∆R/R
has opposite signs in the 1.55 eV (Fig. 1) and the 3.1 eV (Fig. 4) data. Nonetheless, the two
responses share the same origin. This is corroborated by the similar temperature dependence
of τ1 and A1 in the two sets of data (Fig. 3). The identical origin of the rise of ∆R/R is
also consistent with the nature of the excited state, which is a self-trapped small polaron
for both measurements. It is not surprising that in both measurements we observe the same
relaxation. ∆R/R is related to the photoinduced modulation of the real and imaginary parts
of the dielectric function, ∆ǫ1(t) and ∆ǫ2(t), as
2
∆R
R
(t) =
∂ ln(R)
∂ǫ1
∆ǫ1(t) +
∂ ln(R)
∂ǫ2
∆ǫ2(t), (2)
which means that the sign of ∆R/R depends on the ultrafast redistribution of the spectral
weight. In the following, we show that the long-rise response is magnetic in origin and that
its magnitude is controlled by the strength of the spin correlations in Eu0.75Y0.25MnO3. The
spin correlations also control the spectral weight redistribution and the dielectric function
change ∆ǫ with temperature. For example, cooling LaMnO3 from 300 K to 50 K causes
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positive changes ∆ǫ1 > 0 and ∆ǫ2 > 0 at 1.55 eV and negative changes ∆ǫ1 < 0 and
∆ǫ2 < 0 at 3.1 eV
33. The Nee´l temperature of LaMnO3 is 140 K. Similarly, in our ultrafast
measurement, the opposite sign of ∆R/R at 1.55 eV and 3.1 eV may be related to the
spin-correlation-controlled dynamic redistribution of the spectral weight.
The low-temperature properties of Eu0.75Y0.25MnO3 are dominated by two phenomena -
the development of AFM long-range order at TN = 47 K and of ferroelectricity at TFE = 30
K. The temperature dependence of A1 and τ1 does not show any significant features at those
transitions (Fig. 3); A1 emerges smoothly at around 100 K and continues its growth down to
the lowest temperatures. In the literature, we find two instances of a change in the physical
properties of Eu0.75Y0.25MnO3 that develops at 100 K and gets stronger with decreasing
temperature. In the study of electromagnons by Valde´s Aguilar et al.13, the far-infrared
spectral weight in the optical conductivity begins to grow just above 100 K and continues
to increase through both phase transitions as the temperature is lowered. In the Raman
study of phonons by Issing et al.31, several phonon frequencies start to soften at ∼ 100 K
and continue their softening down to the lowest temperature. Both the far-infrared spectral
weight13 and the phonon softening31 exhibit temperature dependence that is very similar to
that of A1 (Fig. 3). In both cases, the temperature changes are caused by the strong spin-
phonon coupling characteristic of multiferroics, and the magnitude of the change is governed
by the strength of the spin correlations. Based on the similar temperature dependence of the
amplitude A1, we propose that the low-temperature pump-probe response is also controlled
by the coupling to spin correlations. The presence of such correlations well above TN in
Eu0.75Y0.25MnO3 is expected because of the frustrated magnetic interactions
9.
We now describe the mechanism by which the spin correlations result in the long rise
dynamics found in our pump-probe spectra. The photoexcitation of a second electron into
the eg manifold switches the sign of the superexchange interaction of the Mn ion with
some of its nearest neighbors. In the a-b plane, the orbital order makes the Mn3+-Mn3+
superexchange ferromagnetic (positive exchange constant J) according to the Goodenough-
Kanamori rules39, as the mediating oxygen p orbital overlaps a half-filled and an empty eg
orbital (Fig. 6). Photoexciting an electron to the empty eg orbital creates the Mn
2+ ion and
changes the sign of the constant J , as the oxygen p orbital now overlaps two half-filled eg
orbitals. This ultrafast modulation of the exchange coupling between nearest-neighbor Mn
ions creates a localized spin excitation on the Mn2+ site, which is analogous to the localized
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polaron excitation that we considered above. An equivalent picture of carrier (hole) trapping
and local spin excitation can be constructed for the Mn4+ sites, as they are also not Jahn-
Teller active and the exchange coupling of the Mn4+ ion with some of its Mn3+ neighbors
has an opposite sign compared to the Mn3+-Mn3+ superexchange.
We attribute the emergence of the long rise dynamics to the decay of the localized spin
excitations via the emission of spin waves and spin-lattice coupling. The rise time τ1 re-
flects the combined lifetime of the localized spin excitations on Mn2+ and Mn4+ sites. In
this picture, the increase of amplitude A1 with lower temperature (Fig. 3) is linked to the
strengthening of the spin correlations in the material: the stronger correlations result in a
larger amplitude of the localized spin excitation. The stronger spin correlations also make
our pump-probe measurement more sensitive to the local spin structure on Mn sites, as
they control the strength of the optical d-d and p-d transitions33. We interpret the increase
in the rise time τ1 (Fig. 3) as the increasing lifetime of the localized spin excitation with
lower temperature, which should also grow with the strength of the spin correlations. This
is equivalent to the narrowing of electron spin resonance lines in the magnetically ordered
state of manganites40.
We interpret the observed rise time τ1 in the 1.55 eV and 3.1 eV data as the signature
of the same process - the decay of localized spin excitations. The measured values of τ1 are
somewhat different for the two photon energies (Fig. 3). We would like to discuss a possible
origin of that difference. The absorption of a 1.55 eV photon creates a pair of Mn2+ and
Mn4+ ions (transition I in Fig. 5). The absorption of a 3.1 eV photon also creates such a
pair, but in a two-step process. In the first step, the transition II in Fig. 5 takes place,
leaves a hole on the oxygen ion, and creates a Mn2+ ion. In the second step, the hole on the
oxygen is filled and transferred to a neighboring Mn ion, turning it into Mn4+ (transition
III in Fig. 5). Thus, the creation of the Mn4+ ion may take longer when Eu0.75Y0.25MnO3
is excited with the 3.1 eV pump, which may lead to the longer rise time τ1 observed at this
photon energy.
Handayani et al.26 performed an optical pump-probe study of multiferroic manganite
TbMnO3, which is very similar to Eu0.75Y0.25MnO3 in many respects, e.g., in its electronic
structure, the orbital ordered state, and the magnetic and multiferroic properties. They
found a very similar pump-probe phenomenology in TbMnO3, i.e., the emergence of a long
rise in the photoinduced ∆R/R that dominates the response at low temperature. They also
11
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FIG. 6: (Color online) Sketch of the neighboring Mn ions and their oxygen environment in the a-b
plane of Eu0.75Y0.25MnO3. The spheres with lobes represent the Mn ions and their eg orbitals.
(a) The ground state with two Mn3+ ions. The filled lobes show the half-filled 3z2 − r2 orbitals
of the eg manifold. The dashed empty lobes show the empty x
2 − y2 orbitals. The exchange-
mediating oxygen 2p orbital (not shown) overlaps an empty and a half-filled eg orbital, leading to
ferromagnetic exchange with J > 0. (b) The photoexcited state with Mn2+ and Mn3+ ions. The
x2 − y2 orbital is now half-filled, leading to antiferromagnetic exchange with J < 0.
assigned a magnetic origin to this long rise component, but their microscopic interpretation
is different from ours. They interpret it as the loss of kinetic energy by the photoexcited
electron via the emission of spin waves (or magnon assisted hopping of the electron). The
rise time of ∆R/R is then the amount of time it takes the photoinjected electron to stop
hopping from site to site26. In our view, this picture does not account for the electron-phonon
coupling that leads to the trapping of the polaron that we discussed earlier.
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IV. SUMMARY
We have presented an optical pump-probe study of the multiferroic manganite
Eu0.75Y0.25MnO3 . Photoexcitation promotes an extra electron to the Mn eg manifold, which
then forms a self-trapped polaronic state due to the local relaxation of the Jahn-Teller dis-
tortion on a picosecond time scale. At low temperatures, the process that dominates the
∆R/R response is the decay of the localized spin excitation created on the polaron site. The
photoexcitation of an extra electron to the eg manifold triggers the ultrafast switching of
the superexchange interaction of the Mn2+ and Mn4+ ions with their neighbors according to
the Goodenough-Kanamori rules39, creating the localized spin excitation. The decay of the
localized spin excitation appears in our spectra as the very large amplitude (A1) modulation
of ∆R/R, which is controlled by the sensitivity of the d-d and p-d optical transitions to
the spin correlations in Eu0.75Y0.25MnO3. The ultrafast modulation of the exchange interac-
tion is a very general process, but few similar observations have been reported20,26,32. This
fundamental opto-magnetic process is important for the models of light-matter interactions
used to describe femtomagnetic phenomena19.
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